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A B S T R A C T   
Societal concerns about future hydroclimate changes urge a thorough understanding of the governing processes. 
Here, an analysis of Middle and Late Holocene speleothem-based hydroclimate reconstructions and paleoclimate 
model simulations reveals sub-millennial fluctuations in the spatiotemporal variability of precipitation in the 
European and Mediterranean regions, that complements previous dendrochronological and pollen-based re-
constructions with an improved temporal resolution. Although insolation forcing is the primary driver of Ho-
locene hydroclimate changes in Europe on a multimillennial scale, the evaluation of the principal component 
analysis of speleothem records and correlations with sea surface temperature data indicates that North Atlantic 
ocean circulation played a significant role in the sub-millennial variation of continental moisture transport, with 
an increasing importance during the Late Holocene. The combined evaluation of speleothem-based data, climate 
simulations and sea surface temperature records therefore advances our understanding of the governing pro-
cesses of Holocene hydroclimate changes in the European and Mediterranean regions.   
1. Introduction 
Instrumental observations and modelling studies have shown that, in 
addition to temperature variations, humidity changes can also exert a 
significant force on our society (e.g., Hegerl et al., 2015; Mazurczyk 
et al., 2018). The evaluation of potential influences that may be ex-
pected under changing climate conditions at a given location requires 
knowledge of how the studied region responded to similar changes in 
the past. Coupled changes in temperature and precipitation amount may 
have initiated or contributed to societal processes, like the emergence 
and fall of empires, mass migration, agricultural development or crisis, 
and famine (e.g., McMichael, 2012; Sharifi et al., 2015; Drake, 2017). 
The European and Mediterranean regions are among the best areas to 
study the relationship between climate and society, due to its high 
population density, rich history of civilizations, and ample historical and 
instrumental records. Moreover, the Mediterranean and Northeastern 
Europe are also considered to be potential climate change hotspots in the 
future, based on regional mean changes of surface air temperature and 
precipitation, as well as their interannual variability, derived from 
global climate simulations (Giorgi, 2006). 
Hydroclimate reconstructions in Europe are dominated by tree ring 
and lake sediment data, with an imbalance towards Northwestern 
Europe in the tree ring datasets (Edvardsson et al., 2016). To date, the 
European Pollen Database (EPD, Davis et al., 2003) likely offers the best 
spatiotemporal coverage to reconstruct European post-glacial climate, 
which was used to create maps of seasonal temperature and precipita-
tion variations in the European and Mediterranean regions at 
millennial-scale intervals over the last 12 ka (Mauri et al., 2015). The 
pollen assemblages, however, usually reflect the response of vegetation 
to climate changes on a large geographic scale, which has a centennial 
time lag with respect to the actual onset of climate variability. This time 
lag appears to affect paleoclimate reconstructions at a finer temporal 
resolution, but not an environmental reconstruction at millennial steps 
(Mauri et al., 2015). Combined application of climate models and 
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pollen-based environmental reconstructions are generally available for 
only a few selected periods, due to the computational limits and the 
issue of vegetation response lag. For example, a comparison of 
pollen-based precipitation reconstructions and results of global climate 
model simulations suggests that during the Middle Holocene, both the 
Middle and Eastern Mediterranean regions were characterized by humid 
conditions, whereas the Northern Mediterranean was relatively arid; the 
opposite occurred during the Late Holocene (Peyron et al., 2017). The 
temporal resolutions of these vegetation proxies and climate model 
studies do not allow for the investigation of the transition processes 
between the two climate states. The detection of the rapid climate 
processes that affected Europe and the Mediterranean region requires 
the investigation of climate archives that respond to environmental 
changes at annual to decadal time scales, that can be precisely and 
accurately dated by radiometric methods or annual layer counting, and 
that can be sampled at high resolution to extract climate proxy data. 
In the continental environment, speleothems (mainly carbonate 
formations in caves, e.g., stalagmites and flowstones) can fulfil these 
requirements, making them an excellent archive of past climate and 
environmental data, due to their chemical and physical properties that 
enable extraction of information on climatic and environmental changes 
(Fairchild and Baker, 2012). Speleothems form in caves, which are 
“conservative” environments protected from surface weathering and 
erosion, and, when fed through fractures in the carbonate host rock, they 
may respond rapidly (within days) to hydroclimate changes. Speleo-
thems can be precisely dated by U-series methods and contain a wealth 
of climate and environmental proxy data that, due to good age 
constraint, can be correlated over an entire continent (e.g., McDermott, 
2004; Dorale and Liu, 2009). Thus, speleothems are well-suited for 
investigating past climate change processes in Europe and the associated 
environmental responses at high temporal resolution, typically at a 
sub-millennial scale. For example, comparisons of stable oxygen isotope 
variability in European speleothems have been used to detect 
continental-scale influences of ocean current variations and shifts in the 
synoptic meteorological systems during the Holocene (McDermott et al., 
2011; Deininger et al., 2017). Furthermore, annual variability in lamina 
thickness of European stalagmites from high latitude and/or elevation 
has highlighted that solar variability is one of the drivers of climate 
(mostly as a temperature effect) at a decadal to a secular scale (Proctor 
et al., 2002; Frisia et al., 2003). Speleothems also capture external 
climate forcing agents, such as volcanic eruptions, specifically those that 
have a global impact, and allow for the correlation of coeval pertur-
bances in the system from the poles to the low latitudes (Frisia et al., 
2005, 2008; Badertscher et al., 2014). 
In the last decade, there were significant advances in speleothem 
science that have allowed for regional paleoclimate syntheses (e.g., 
Braun et al., 2019; Deininger et al., 2019; Kern et al., 2019; Oster et al., 
2019; Zhang et al., 2019). The European and Mediterranean regions 
have high speleothem data density compared to other regions of the 
world, except for China (Comas-Bru et al., 2019). Thus, we imply that 
calcium carbonate speleothems are likely one of the most accurate ar-
chives of continental European climate variability. Speleothems contain 
interrelated climate proxies, such as their microscopic textures and 
geochemical data (Fairchild and Baker, 2012; Frisia et al., 2018). His-
torically, the most frequently reported calcium carbonate speleothem 
data are their stable carbon and oxygen isotope compositions (expressed 
as δ13C and δ18O values, respectively, see below). Local processes, like 
vegetation, soil activity, carbonate precipitation along the route of 
karstic water migration, host rock dissolution, and kinetic fractionation 
related to degassing (see Fairchild and Baker, 2012), may affect stable 
carbon isotope ratios. As a result, the majority of research has focused on 
variations of oxygen isotope ratios, which may provide information on 
temperature, precipitation amount, and moisture transport directions (i. 
e., tracks) (Lachniet, 2009). Consequently, stable carbon and oxygen 
isotope compositions have been interpreted to reflect past hydroclimate 
variability at several European locations, particularly if they are 
combined with independent paleohydrological proxy data (Fairchild 
and Baker, 2012). The independent palaeohydrological information 
may be extracted from the speleothems themselves (e.g., Mg and P 
contents, Treble et al., 2003) or from other archives, such as tree rings or 
lake sediments (e.g., Bolliet et al., 2016). As demonstrated in a 
comprehensive study on Mediterranean, Atlantic, and continental 
climate sites from Europe (Lellei-Kovács et al., 2016), soil respiration 
that supplies biogenic carbon to the groundwater and eventually to the 
drip water responds to temperature and humidity changes on an annual 
scale. Stable oxygen isotope compositions of meteoric and drip waters 
are dependent on precipitation amount, and this is characteristic of 
Mediterranean cave sites (e.g., Bar-Matthews et al., 2000; Bard et al., 
2002; Drysdale et al., 2004; Zanchetta et al., 2007; 2014). The time lag 
between the surface signal of environmental change and the speleothem 
response is generally several weeks (e.g., Fohlmeister et al., 2010) or 
months (e.g., van Rampelbergh et al., 2014), but it depends on water 
migration rate and rock thickness above the cave. Thus, the time lag of a 
speleothem composition’s response to environmental change is negli-
gible compared to the century-scale response of vegetation reflected by 
the pollen assemblages (see above). 
The aim of the present study is to provide a compilation of 
speleothem-based hydroclimate records, which is urgently needed to 
complement tree ring and pollen-based reconstructions and, therefore, 
to advance our understanding of the processes that governed Holocene 
hydroclimate changes in the European and Mediterranean regions. We 
focus on hydroclimate conditions inferred in earlier studies from stable 
isotope and trace element compositions of European Holocene speleo-
thems, along with paleoclimate model simulations. For this purpose, the 
spatial and temporal relationships between selected paleohumidity re-
cords are investigated in this paper by comparing their internal vari-
abilities and by calculating correlation coefficients. Principal 
Component Analysis (PCA) is applied to ascertain if there is a shared 
variance in the speleothem based paleohydrological records. Finally, we 
present correlations between the PCA scores and North Atlantic sea 
surface temperature reconstructions and oceanographic data, to explore 
a potential connection between continental hydroclimate changes and 
oceanic conditions. 
2. Data and methods 
A total of 17 published speleothem-related records was gathered 
from the European and Mediterranean regions (spanning − 8.8◦ W to 
35.6◦ E and 32.9◦ N to 64.9◦ N; the list of sample locations is given in the 
Supplementary Material) that reflect paleohydrological changes based 
on independent evidence from previous studies. The selected records 
have appropriate age control and analytical resolution to allow for the 
investigation of sub-millennial variations in the Late Holocene. The re-
cords were either available in public datasets or were provided by the 
authors (MB-3, Milbach Cave, Austria – from Marc Luetscher; MAR_L, 
Skala Marion Cave, Greece – from David Psomiadis; CC26, Corchia Cave, 
Italy – from Eleonora Regattieri; BG composite record, Buraca Gloriosa 
Cave, Portugal – Diana Thatcher; North Atlantic sea surface temperature 
data of Eynaud et al., 2018 – from Frédérique Eynaud). The available 
records were selected so that their original age models had at least one 
radiometric age per each 1000 years, and that the datasets show suffi-
cient sampling resolution (<50 years per data) to investigate centennial 
changes (see Supplementary Material). The dataset consists of stable 
carbon and oxygen isotope ratios, except the precipitation amounts in 
mm, which were inferred from Mg/Ca ratios of a stalagmite from the 
Cloşani Cave, Romania (Warken et al., 2018), and the lamina thickness 
values from the Uamh an Tartair Cave, NW Scotland (Baker et al., 2015). 
Standard statistical methods were applied for data analyses, including 
calculations of interval means, Pearson and Spearman rank correlation 
coefficients, and Principal Component Analysis. Further details are 
given in the Supplementary Material. 
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3. Results 
3.1. Spatial patterns and relationships of speleothem compositions 
After reducing the data to 200-year averages, Spearman rank cor-
relation coefficients were calculated between the selected speleothem 
records and a reference dataset. The BNT-2 δ13C record (Demény et al., 
2019) was chosen as the reference record in the correlation calculations, 
because it is in a central position close to the maritime-continental 
climate boundary investigated by Breitenbach et al. (2019). The corre-
lation coefficients were plotted to visualize their spatial distribution and 
to detect potential systematic patterns (Fig. 1). 
Spearman rank correlation coefficients were determined for the 
entire period of 4.3 to 1.1 ka BP (thousands of years Before Present, i.e., 
before 1950 CE), as well as for shorter periods of 4.3 to 2.5 ka BP and of 
2.5 to 1.1 ka BP to test potential secular changes in the correlation 
pattern. The spatial correlation pattern for the 4.3 to 1.1 ka BP interval 
(Fig. 1A) resembles the large-scale pattern that is reconstructed in the 
map of winter precipitation anomalies, as inferred from pollen assem-
blages (Mauri et al., 2015) (Fig. 1D and E), which shows similar hu-
midity conditions ranging from Eastern Europe to Wales, but contrasting 
behavior in Iberia and the Levant. Winter precipitation patterns were 
selected from the maps of Mauri et al. (2015), as drip waters in caves are 
generally affected by selective infiltration of cold season precipitation, 
due to evaporation in warm months, and in this way the 
speleothem-based patterns are comparable with the pollen-based maps. 
However, when the 4.3–1.1 ka BP period is further divided into 4.3–2.5 
ka BP and 2.5–1.1 ka BP time slices, the patterns change slightly (Fig. 1B 
and C). At 4 ka BP (Fig. 1E), the wet region is smaller and shifted 
northwards, compared to the scenario obtained for the 1 ka BP interval 
(Fig. 1D). Records from Central and Western Europe show less pro-
nounced correlations with the BNT-2 δ13C record for the 2.5–4.3 ka BP 
period (Fig. 1C) than for the 1.1–2.5 ka BP period (Fig. 1B). The pollen 
database suggests that the shoreline of the Levant was characterized by 
wet conditions at ~4 ka (Fig. 1E), and the stalagmite record for this 
region (Jeita Cave δ13C record, Lebanon, Cheng et al., 2015) shows a 
slight positive correlation with the BNT-2 δ13C data for the 4.3 to 2.5 ka 
BP period (Fig. 1C). The pollen-based paleohumidity reconstruction at 
1ka BP shows that the wet zone shifted southward and became more 
pronounced in Central Europe and the northern part of Western Europe 
(Fig. 1D). As a result, the BNT-2 δ13C record yielded stronger positive 
correlations along a SE-NW traverse from the Aegean Sea to the Scottish 
Highlands and across Central Europe, but emphasized negative corre-
lations with the records of Iberia, and the Levant for the 2.5 to 1.1 ka BP 
period (Fig. 1B). 
The correlation patterns of the speleothem-based European paleo-
humidity records resemble the pollen-based winter precipitation 
anomaly maps; however, the current availability of data required for the 
correlation calculations precluded an evaluation of secular changes at 
higher resolution. Furthermore, water-balance changes at individual 
locations could not be assessed quantitatively from the correlation 
patterns. Thus, internal variabilities of each record were quantified 
relative to the records’ mean values in the 2–3 ka BP period (repre-
senting the common overlapping period), which calculation yielded % 
changes in the relative precipitation amount, compared to the common 
period (“speleothem internal variability”: SIV). The procedure, 
Fig. 1. Spatial coherence in reconstructed European hydroclimate anomalies estimated from palynological and speleothem-derived proxies. A, B, C: Spatial dis-
tribution of the coefficients of Spearman rank correlation between the BNT-2 δ13C data and paleohydrological records for selected periods. D, E: Maps of winter 
precipitation anomalies (Mauri et al., 2015) for 1 and 4 ka BP, respectively. The location of the reference record (BNT-2, Demény et al., 2019) is shown by the arrow 
and the yellow circle. Sources of data: Baker et al. (2015), Boch and Spötl (2011), Cheng et al. (2015), Demény et al. (2019), Domínguez-Villar et al. (2017), 
Fleitmann et al. (2009),Folhlmeister et al. (2012), Frisia et al. (2005), Luetscher et al. (2011), Martín-Chivelet et al. (2011), Psomiadis et al. (2018), Regattieri et al. 
(2014), Smith et al. (2016), Sundqvist et al. (2010), Thatcher et al. (2020), Warken et al. (2018), Zanchetta et al. (2016). Description of locations are given in the 
Supplementary Material. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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described in detail in the Supplementary Material, yielded data with 
500-year time steps that were plotted together with pollen-based winter 
precipitation anomaly maps (Fig. 2). 
The SIV maps and the pollen-based winter precipitation anomalies 
exhibit similar spatial patterns (Fig. 2). Compared to the 4 ka BP map, 
both datasets suggest the existence of a NW-SE trending humidity belt at 
3 ka, with wetter conditions (relative to the 2–3 ka BP common period) 
in the Levant, the Balkan Peninsula, the Carpathian Region, the Scottish 
Highlands and Scandinavia. In contrast, central Western Europe and 
Iberia experienced increased aridity, relative to the 2–3 ka BP common 
period. At 2 ka BP, this situation reversed, with moist conditions in 
Central Europe and increasing aridity in the Levant. The number of re-
cords spanning the last 1 ka BP decreased, but they still indicate drier 
conditions in Iberia, the northern part of the Apennine Peninsula, 
Fig. 2. Upper panel: Spatial structure of hydroclimate changes over the past 4000 years in Europe, represented by speleothem internal variability (SIV) maps with 
500-year time slices. SIV values are compared to the 2–3 ka BP averages, thus, the 2.5 ka BP pattern is not shown. Lower panel: Winter precipitation anomaly maps of 
Mauri et al. (2015). See Supplementary Material for speleothem locations. 
Fig. 3. Speleothem internal variability maps (see Fig. 2) and annual and seasonal precipitation amount changes, relative to 2.5 ka BP. Precipitation maps were 
obtained from PaleoView (Fordham et al., 2017). 
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Anatolia, and the western part of Scandinavia. 
3.2. Comparison with climate model data 
Comparison of climate model data with the SIV maps can further 
elucidate governing processes of spatial hydroclimate variations across 
Europe during the Late Holocene, both at seasonal and annual time 
scales. Climate model data were assessed in the PaleoView program, 
which uses the product of the TRaCE21ka experiment (Fordham et al., 
2017). The TRaCE21ka experiment is based on the output of the Com-
munity Climate System Model ver. 3 (CCSM3; Collins et al., 2006; 
Otto-Bliesner et al., 2006; Yeager et al., 2006) and covers the period 
from 22 ka BP to the Present (1989 CE). Although the assessment of an 
ensemble of climate models would be ideal, such transient multimil-
lennial paleoclimate model simulations remain unavailable (Otto--
Bliesner et al., 2017). 
Changes in annual, winter (DJF), and summer (JJA) averages of 
precipitation amounts were computed relative to the period of 2.5 ka BP, 
with a 100 yr time window (the maximum interval in PaleoView) 
(Fig. 3). The SIV calculation interval was longer for the speleothems 
(500 years), and the reference period for the speleothems was 2.5 ± 0.5 
ka BP, due to the lower data frequency for some periods and records. In 
contrast to the pollen humidity maps of Mauri et al. (2015), PaleoView 
maps allow for the investigation of temporal and spatial changes at the 
500 yr resolution of the speleothem map series. 
The results show that an expansion of less arid conditions (relative to 
the 2–3 ka BP period) appears at 3.5 ka BP in the speleothem map and at 
3 ka BP in the climate model data (Fig. 3), but the relationships are more 
complex in other periods. However, close inspection of the maps reveals 
systematic changes. At 4 ka BP, the speleothem-based hydroclimate 
pattern primarily resembles the winter precipitation distribution, with 
the eastern Mediterranean being wet and northern Italy being relatively 
dry. The 3.5 ka BP and 4 ka BP humidity distribution patterns are 
similar, with slightly more arid conditions extending northward from 
the western Mediterranean, where the effect of summer precipitation 
appears to be stronger. On the west coast of Scandinavia, the effect of 
winter precipitation dominates until 3 ka BP. The distributions of pre-
cipitation change alter significantly after 3 ka BP. At 2 ka BP, Western 
and Central Europe follow the winter P change map, while in Western 
Scandinavia and the Eastern Mediterranean, the summer precipitation 
change appears to dominate and persist to 1.5 ka BP. At 1 ka BP, drier 
conditions generally prevailed, except in the Levant, where the speleo-
them record indicates wet conditions, similarly to the distribution of 
winter precipitation change. 
These observations indicate that sub-millennial fluctuations in 
hydroclimate detected in speleothems are reflected in the independent 
climate model simulations, as well, and their comparison elucidates the 
effects of spatial and temporal changes in precipitation conditions dur-
ing the Late Holocene. 
3.3. Leading modes in speleothem-based hydroclimate records 
The mechanisms and processes that controlled paleohydroclimate 
fluctuations across Europe can be investigated with Principal Compo-
nent Analysis (PCA). PCA compresses the common linear variance of the 
chosen records into Principal Components (PCs) that can be compared to 
independent paleoclimate records and to the effects of potential climate 
drivers. 
The first (PC1) and second (PC2) PCs are described and compared in 
the Supplementary Material. The PCs calculated for shorter periods 
(4.3–1.1 and 8.2 to 4.3 ka BP) reflect multicentennial-millennial fluc-
tuations, whereas the PC1 data obtained for the 8.2 to 1.1 ka BP period 
indicate a long-term trend (Fig. S4). The PCs yielded for 6 or 9 speleo-
them records show a good agreement (Fig. S4), indicating that the 
number of selected records does not affect the results. 
The PC1(9) data obtained for 9 records for the period of 4.3 to 1.1 ka 
BP (see Supplementary Material) are plotted together with the 1st PC 
(CSR1k) dataset from Deininger et al. (2017) (Fig. 4B), which was ob-
tained from the principal component analysis of δ18O records of 11 
European speleothems and showed firm relationships with North 
Atlantic ocean current strength (Deininger et al., 2017). The PC1(9) and 
the CSR1k records display a significant linear correlation (r = 0.64, p <
0.01; using 200-year averages for both records). 
The PC1(9) data were also compared to sedimentary proxies for 
oceanic circulation intensity of the North Atlantic sub-polar gyre (Mjell 
et al., 2015) and Artic sea-ice dynamics (Bond et al., 2001) (Fig. 4A), 
with the assumption that European speleothem derived hydroclimate 
signals respond to North Atlantic climate influences (Deininger et al., 
2017). The result suggests that European paleohydrological conditions 
are also closely related to climate processes that have been operating in 
the North Atlantic over the past 4000 years. This hypothesis is further 
investigated in the following section. 
3.4. Speleothem compositions and North Atlantic sea surface 
temperatures 
Sea surface temperature (SST) provides essential information about 
the boundary conditions of the climate system, thus, reconstructed SST 
records in the North Atlantic realm were selected from recent 
Fig. 4. (A) Composite hematite stained grains (HSG) % values of North Atlantic 
Ocean sediment cores (Bond et al., 2001), (B) leading mode of variability of 11 
European speleothem δ18O records (CSR1k, Deininger et al., 2017), (C) and (D) 
sortable silt (SS) mean size data of the GS06-144 08 GC core (Mjell et al., 2015) 
and speleothem-based PC data of this study. PC1(9) and PC2(9) – PC1 and PC2 
obtained for 9 records for the period of 4.3 to 1.1 ka BP (pink lines); PC1(6) and 
PC2(6) - PC1 and PC2 obtained for 9 records (black lines); 4.2 marks the period 
of 4.3 to 1.1 ka BP; 8.2 marks the period of 8.2 to 4.3 ka BP. Correlation co-
efficients between the SS mean data and the speleothem PCs (color codes as for 
PCs) for different age periods (8.2–4.3 and 4.3 to 1.1 ka BP periods separated) 
are also shown. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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compilations (Sundqvist et al., 2014; Eynaud et al., 2018) and were 
correlated with the leading principal component (PC1) time series of 
speleothem records calculated for the 4.3 to 1.1 ka BP and 8.2 to 4.3 ka 
BP periods (see Supplementary Material). The PC2 records did not yield 
statistically significant correlations. It should be noted that, stemming 
from the mathematical background of the Principal Component Anal-
ysis, it is not the sign of the correlations that is important, but rather the 
variability and relationships within the database. Mapping the SST-PC1 
correlation coefficients across the North Atlantic realm (Fig. 5) high-
lights clusters of positive and negative correlations between the PC1 and 
SST reconstructions. Positive correlations are consistently found along 
warm ocean currents, while opposite PC1-SST relationships appear 
around the cold East Greenland Current for all the PC1 calculations (9 vs. 
6 records, younger vs. older periods). 
The long-term trend (Fig. S4) in the PC1(6)T (leading mode extracted 
from 6 records for the entire 8.2 to 1.1 ka BP period) data was also 
detected in the SST records at different locations in the North Atlantic, as 
exemplified by three SST reconstructions from the coastal regions of 
Scandinavia (Malangen fjord, Norway), NW Iceland (MD99-2266), and 
Iberia (MD01-2244) (Fig. 6). 
4. Discussion 
The spatiotemporal changes of speleothem-based hydroclimate 
conditions, as well as their relationships with climate model data, North 
Atlantic SST records, and ocean current pathways (Fig. 6) collectively 
suggest that the Atlantic Meridional Overturning Circulation (AMOC) 
system had a strong effect on the Middle and Late Holocene 
hydroclimate fluctuations in the European and Mediterranean regions. 
Moisture transport processes and precipitation distribution in Europe 
are determined by the interplay of solar forcing, the North Atlantic 
Oscillation (NAO), the Atlantic Multidecadal Oscillation (AMO), North 
Atlantic storms, and cyclonic activity (Mojtahid et al., 2019; Goslin 
et al., 2019), resulting in pronounced spatial differences in precipitation 
distribution across the North Atlantic domain (Auger et al., 2019). Using 
major storm track systems, Dong et al. (2013) detected two primary 
precipitation distribution regimes: the wet Northern Europe and the dry 
Southern Europe. Ummenhofer et al. (2017) discerned five major pre-
cipitation distribution regimes (patterns A to E) within Europe, with a 
complex pattern of wet and dry regions, using cluster analysis of 
observational data and reanalysis products (e.g., sea level pressure, air 
and sea surface temperatures, winds, geopotential height, and precipi-
tation amount, gathered from various databases). Although the 
present-day regimes of Ummenhofer et al. (2017) are different to the 
Holocene patterns established by Mauri et al. (2015), pattern B of 
Ummenhofer et al. (2017) is similar to the 2 ka BP speleothem-based 
hydroclimate distribution. These observations and models correspond 
to recent processes and conditions, it is therefore important to compare 
them to long-term Holocene changes. 
The observed temporal changes and Principal Component Analysis of 
hydroclimate-sensitive speleothem data revealed further linear re-
lationships. The long-term trends of North Atlantic SST records, 
speleothem-based PC values, and relative changes in modelled precipi-
tation amount averaged for Europe all show good correspondence with 
orbitally driven June insolation (Fig. 6). This supports the widely 
accepted notion that the primary governing factor of multimillennial 
Fig. 5. Correlation coefficients between sea surface temperature records (Sundqvist et al., 2014; Eynaud et al., 2018) and PC1 data. PC1(9): 9 speleothem records, 
1.1–4.3 ka BP; PC1(6)4.2: 6 speleothem records, 1.1–4.3 ka BP; PC1(6)8.2: 6 speleothem records, 4.3–8.2 ka BP (see Supplementary Material). Tracks of warm (red) 
and cold (blue) ocean currents are schematically shown. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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shifts in ocean surface temperature and moisture transport is orbitally 
forced insolation variation. However, detailed evaluation of fluctuations 
in speleothem-based PC records and paleoceanographic data can detect 
matching patterns at the sub-millennial scale, as well. Deininger et al. 
(2017) showed that North Atlantic wind stress, which modulates the 
strength of the AMOC, is the mechanism behind the common component 
extracted from the oxygen isotope records of 11 Europe speleothems. 
The PC1 values of this study and the proxy of North Atlantic ocean 
current strength (mean sortable silt grain size, SS mean, Mjell et al., 
2015) are well-correlated between 4.3 and 1.1 ka BP, but they appear to 
be uncorrelated before 4.3 ka (Fig. 4). In contrast to PC1 values, the PC2 
data show good correlation with the SS mean values before 4.3 ka BP 
and poor correlation after 4.3 ka BP. These observations suggest that the 
relationships between ocean currents and the European moisture 
transport that determined the speleothem compositions changed be-
tween 4 and 5 ka BP. Accordingly, our findings imply that Late Holocene 
humidity changes in Europe may have been affected by changes in North 
Atlantic SST, which were a complex response to changes in irradiance. 
Similar conclusions about humidity changes and moisture transport 
processes around the Middle to Late Holocene transition were drawn in 
previous studies. Speleothem data from the Atlas Mts (Wintimdouine 
Cave, Morocco, Sha et al., 2019). and Western Iberia (Buraca Gloriosa 
Cave, Portugal, Thatcher et al., 2020) indicate increasingly drier con-
ditions from ~4 ka BP, and they have been interpreted to reflect 
Fig. 6. Comparison of PC1(6)T data obtained for 
6 speleothem records for the 8.2 to 1.1 ka BP 
period and selected sea surface temperature 
(SST), insolation values, and modelled changes in 
annual precipitation amount. SST records: MD99- 
2266 - Moossen et al. (2015); Malangen fjord - 
Sundquist et al. (2014); MD01-2444 – Martrat 
et al. (2007), Hodell et al. (2013). PC1 HAMOC 
record: Ayache et al. (2018). Insolation data for 
June for 30◦ N: Laskar et al. (2004). P(ann): 
Change in annual mean precipitation amount 
relative to 2.5 ka BP, as simulated by CCSM3 in 
TRaCE21ka experiment, averaged for “Europe” 
domain in Paleoview (Fordham et al., 2017).   
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southerly movement of the Intertropical Convergence Zone (ITCZ). 
Consequently, AMOC strength and moisture transport trajectories were 
also affected. The temporally changing relationships between 
speleothem-based PCs, SST values, and ocean current strength indicate 
that, although summer insolation was the dominant factor in Middle and 
Late Holocene moisture distribution for the European and Mediterra-
nean regions, the role of North Atlantic ocean currents significantly 
increased after ~4 ka BP. As the ITCZ shifted southward, the role of 
moisture transport from the North Atlantic Ocean region became 
stronger in the Late Holocene. 
5. Conclusions 
Although stable isotope compositions of speleothems depend on 
several external and internal processes affecting the deposition of cave 
carbonates, in some cases, carbon and oxygen isotope values may reflect 
dominantly paleo-humidity conditions. Prompted by previous observa-
tions of close relationships between δ13C values of a flowstone occur-
rence in East-Central Europe (the BNT-2 record, Demény et al., 2019), as 
well as by European paleo-hydrological proxy records, speleothem re-
cords reflecting variations in precipitation amount were correlated with 
the BNT-2 record. The spatial distributions of correlation relationships, 
as well as the sign and degree of internal isotope variation as a measure 
of humidity changes, mirror independent precipitation anomaly maps. 
Comparison with precipitation changes mapped in climate model sim-
ulations revealed complex relationships with spatiotemporal variations 
of seasonal precipitation distributions. The findings support the hy-
pothesis that speleothem records provide reliable reconstructions of 
continental-scale paleo-humidity patterns. Principal Component Anal-
ysis of speleothem records was used to detect the common component 
behind the stable isotope ratio variability in the speleothem record. The 
temporal evolution of the 1st PC, deduced from speleothem data, was 
found to correlate well with North Atlantic sea surface temperature data, 
indicating that ocean current strength played a major role in moisture 
transport to the European continent throughout most of the Holocene. 
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Kovács-Láng, E., Kröel-Dulay, Gy, Larsen, K.S., Peñuelas, J., Smith, A.R., 
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